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The Monsoons have always been a focus of great interest to CLIVAR, and this was further
enhanced in 201&hen there was a reorganization of monsoon research efforts within the World
Climate Research Programme (WCRP). Prior to 2015, CLIVAR used todagpdhaee regional

panels on the topic, each focused on a specific geographical area dominated by monsoons: the
Americas, Africa, and the AsiAostralian region. However, it has been recognized that the
monsoons around the globe have many common elemants that overall progress in our
scientific understanding of the monsoons would benefit from an active interaction of individuals
and groups that study these various regional monsoons. Furthermore, the efforts of the Global
Water and Energy Exchanges (&X\\project of the WCRP are highly relevant to the terrestrial
and hydrethermodynamic aspects of monsoons. As a result, a single Monsoons Panel spanning
both CLIVAR and GEWEX was formed with membership drawn from both communities. To
highlight this milegsine, a special issue of the CLIVAR Exchanges magazine focusing on the
monsoons was produced (skep://clivar.org/documents/exchangedf). At the same time, the
International CLIVAR Monsoon Project Office (ICMPQO) was established at the Indian Institute of
Tropical Meteorology (IITM) of the Ministry of Earth Sciences under an agreement between
WCRP and IITM approved by the Government @.IH@MPO has since been providing dedicated
support to the activities of the Monsoons Panel.

Much progress has been made during these last five years and thus we believe it is very timely

that the Monsoons Panel, with active support by the ICMPO dicabes the production of two

Ldzo t AOF GA2yayY 2yS /[ L+t!w 9EOKIy3aSa &aLISOALT A&&C
one GEWEX Quarterly special issue (focusing on global aspects of the Monsoon System).

India is blessed with two monsoons, Southwe®nsoon during June to September and

Northeast monsoon during OctobBrecember. Monsoons affect the Indian people in every

aspect of their lives. From ancient history to modern times, it has controlled their everyday
existence. Adequate and timely monsorains is very crucial for providing drinking water,

farming operations, water resources (reservoir) management, generation of hydro power etc.
azyazz2y QGINAFIoAfAGeE SOSYy AyFtdzSyOSa GKS 0O2dzy i Nk
R26Yy LYy Rvehup i 2%. teed, the Indian summer monsoon was the target of the very

first sciencebased seasonal forecast in the world, with the attempt by Blanford (1884)
F2NBOlFAad Y2yaz2y NIAYyFLIft o0FadSR 2y (KS KeLRGKSE
Himalayan snows exercise a great and prolonged influence on the climate conditions and weather

2F GKS LI I Aya 2F y2NUKgSail nprgdtion fér docidckntrdic G KS AY
applications was recognized quite early but understanding its variability across a wide range of

time and space scales and providing reliable predictions remains a challenge even today, despite

many scientific and technolagil advances. Recognizing the urgent need for improving monsoon

prediction capabilities in the country in a systematic and timely manner, the Government of India

had launched an ambitious and wadsourced research programme on Mission mode, called the

Monsoon Mission. The first phase of the mission was implemented during2@@I2and the

second phase which started in 2017 is underway. Through this mission, India also augmented its
capability of HigiPerformance Computing (HPC), which is close to 1@lgmtanow.

1Blanford, H.F., 18840n the connection of Himalayan snowfall and seasons of drought in Priia. R. Soc. Lond@v, 322.
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The main objective of the Monsoon Mission was to improve monsoon forecasts in all time scales,
right from shortrange to seasonal. By recognizing the massive quantum of work involved in
improving monsoon forecasts, the Indian Government @ecitb adopt a mission mode
approach to mobilize and motivate technical expertise from scientists working in academic and
research institutes from India and abroad in awetirdinated manner. There was an excellent
response from the academic communitytdtal, 30 research projects were sanctioned during

the first phase and 20 projects in the second phase. The most important milestone under the
Monsoon Mission was implementing the stafethe-art dynamical prediction systems on all
time scales, from shibrange to seasonal. India is now proud of having one of the best weather
and climate prediction systems for generating real time forecasts and warnings. The second phase
of the mission focuses on applications and prediction of extremes.

Auniquefeathdl 3 2F LYRAI Qa4 a2yaz22y aiaairizy Aa GKIFIGX GK
it has supported a significant number of international groups. This has helped to create a win

win situation, for the country to address its own priorities in collabaratioh the international

community, and the international community to gain access to resources to tackle some of the
fundamental challenges in monsoon modelling which have implications for model fidelity even in

other parts of the world. If this approacdan be emulated by other countries, resource

mobilization for international research programmes, including the WCRP, can be greatly
facilitated.

In this special issue of tHeLIVAR Exchang®sS | ( dzZNAYy 3 GLYRALFI Q& az2yazz2y
included articlesliscussing various aspects of the Monsoon Mission. A similar special issue of
GEWEX Quarterlg also being brought out at the same time on the broader aspects of the
monsoons around the world. This fits very well with the joining of forces by CLIVBEWRX

in coordinating monsoon research, through their joint Monsoons Panel.

This special issue includes an article on basic challenges in monsoon presiictioasg)) the
methodology and salient results from the Monsoon Misdianjundiaband Raoand Raoet al)

and their contributions to operational advances in short to medium range, extended range and
seasonal forecastdlphapatra et al), various societal applications developed under the mission
(Sahai et a), innovative coupled data assimilationethods Da et al) and Stochastic
Parameterizationhouidey. Indira Rani et aldiscuss the new high resolution (12 km) regional
reanalysis data set developed under the missiburner outlines a joint InddJK funding
framework in association with the Monsoon Mission for three mon$ocused field campaigns,

while Sengupta et adiscuss the salient aspects of a field campaign conducted over the Bay of
Bengal to study ocean mixing pesses.Srinivasan et aldiscuss the Monsoon Mission
contributions to regional climate information and services for Southkxghanan et atliscusses

the south Asian Monsoon Climate Change projections made using the Earth System Model
developed in In@i. These articles together provide insights into the Monsoon Mission and tell
the success story in devoting concerted efforts to improve monsoon forecasts in India and derive
socieeconomic benefits.

Dr Madhavan Nair RajeevaGuest Editor for this spatissuejs Secretary to Government of India,
Ministry of Earth Sciencdsew Delhi, Indiaand the Chairman of the Scientific Steering Comnaftee

the Monsoon Mission. He is also a member of the newly established Research Board of the World Me-
teorologcal Organization.

Dr Jose Santos is the Executive Direttbe International CLIVAR Project Offic®Q)Qingdao, China
and the Chief Editor of CLIVAR Exchanges
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i A S yclone rate, the same is not true for cyclone
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rairfall has not been easy although the correlations have
improved. The interannual variation of Indian monsoon

a 2 é 2 2 y W S é S Lracméﬁepierydemonstrated. Although the tracks of the
re “accu
t NBaSyl

J. Srinivasan rainfall is around 10% and hence predicting this variation is
Divecha Centre for Climate Change not easy. The root mean square error (RMSE) in the
Indian Institute of Science, Bengaluindia prediction of seasonal meanonsoon rainfall is very close to
(jaysri@gmail.com) the observed interannual variation of monsoon rainfall in

Y2aid OfAYIFIGS Y2RSfa FyR La5Qa
If the RMSE of the seasonal forecast is comparable to
1. Introduction interannual standard deviation of observed falh then the
The prediction of rainfall has been the main concern in tropicsseasonal forecast is of limited value.
after the advent of agriculture. The longnge forecasting of  ence one can argue that the seasonal prediction will be
the Indian summer monsoon rainfall was first attempted in marginally useful. The forecast of seasonal mean rainfall has
the late 19th century after the droughts in Indel877 and {5 he more accurate before it can be effectively used by policy
1878. Thenitial attempts were based on snow cover over the i aers. The impr@ment in seasonal forecasting will depend

Himalayas in .the spring. Lgter, Sir Gilbert Walker, DirectO{Jpon our understanding the dominant parameters that
General of India Meteorological Department (IMD) from 1904 4ntrol monsoon rainfall based on heuristic models.

to 1924, developed a regression technique to relate the

pressure fluctuations in theuthern hemisphere in winterto  The impact of greenhouse gases on monsoon has been
the Indian summer monsoon rainfall. The methods proposedstudied well in view of the concerns regarding the imp#ct o
by Sir Gilbert Walker were however not accurate during19219lobal warming on monsoons. Most climate models predict
1940 because there were no droughts during this period. Théhat monsoon will increase on account of an increase in the
success of these regression/statistical methovas limited ~ @mount of water vapor in the atmosphere and increase in
because it was found that factors that influence the Indiantainfall in northern hemisphere will be more than that in the
monsoon rainfall tend to change on decadal scales southern hemispherelhere is wide variation with regard to
Regression methods were good at predicting normalthe amount of increase predicted by different models
monsoon but could not predict droughts reliably (except for because the models indicate a different impact on circulation
2015). The regressi methods were, however, able to changes. The major discrepancies between different climate

predict the onset of monsoon over Kerala quite well (Pai andnodels occur on smaller spatial scales.éx@ample, climate

Rajeevan, 2009). models with high spatial resolution indicate that an increase
in carbon dioxide will increase rainfall over most of India but
2. Present Status decrease it over Kerala (Rajendran et al.,2012). This feature is

After the advent of coupled oceaimosphere general ot seen in models with low resolution becatisey are not

circulation models there was an expectation that these gpe to simulate accurately orographic rainfall over Kerala.
models will be beer than statistical methods for the

prediction of seasonal rainfall, but this expectation has notThe impact of aerosols on short term forecast and-keng
been met so far. The presence of chaos makes the accuratarediction of monsoon is not fully understood. This is because
prediction of seasonal rainfall a great challenge that can bdhe spatial and temporal variation of aerosols is comgiek
partly overcome using ensemble meaweishemer and  Not well documented and the radiative properties of dust,
Palmer (2014) have argued that the forecast of seasona$ulphate aerosols and soot are not well known. According to
rainfall over India can be marginally useful. Dynamical modelfe landsea contrast theory, the impact of aerosols is to cool
are able to predict winds more accurately than rainfall. Hencehe land surface and hence weaken the monsoon. This
some people have proposed a hybrid method. In this method €xplanation is noappropriate when absorbing aerosols are
the general circulaton models predict the wind and aPresent. These aerosols heat the atmosphere and cool the
statistical model correlates winds with rainfall. Pattanaik andsurface. Absorbing aerosols reduces the albedo of the-earth
Kumar (2015) have shown that the hybrid model increaseditmosphere system and hence increases the net radiation at
the correlation coefficient by 50% when compared to the the top of the atmosphere. The simutati of monsoon by

general circulation modebdf the prediction of Indian summer atmospheric general circulation models indicate that the
rainfall during the period 1982009. presence of soot will enhance the monsoon locally. The

) heating of the atmosphere by soot over India can induce
The short term forecast of monsoon rainfall (up # 8ays)  requction of monsoon rainfall in other regions of the world
has improved dramatically in recent years on accafnt through chages in largescale circulation.

higher spatial resolution and assimilation of large amount of

satdlite data. The improvements in forecast that have 3. Future prospects

200dzNNBR GKNRdZAK LINRP25OGa dAeRBaRn paagdigm jor, undeysnding, the gngnsopry 2 2
ahdarzyé KIF @S 0SSy RAaOdz a Phenomnonghgsibgen ghe @aegpt ¢f Isgbscgnizsian ¢ K
an improvement in the prediction of transition from active to Surface temperature proposed by Halley in 1686. This
break monsoon (Pattanaikt al., 2020). In India, the Paradigm has several fundamental flaws asligbted by
evacuation of people based on accurate forecast of cycloné>adgil (2018). An alternative paradigm based on the
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energetics of the atmosphere was proposed by Neelin andVang et al(2015) have shown that the poskill in seasonal
Held (1987). This approach considers the energy andorecasting is related to the inability to forecast the extremes
moisture budget of an atmospheric column in the tropics. in seasonal mean rainfall during the period 1:2832. They
This approach shows thalhé moisture convergence over argue that global warming has altered the parameters that
land (i.e., precipitation minus evaporation) is directly influence the Indian monsoon. Many processes in the
proportional to net radiative energy incident at the top of the monsoon system are ndimear and hence exhibit threshold
atmosphere and inversely proportional tgross moist  behavior. Hence one can expect that in the future there will
stability. Thegross moist stability is a measuretloé fraction be a greater use of Artificial intelligence (Al) and machine
of moist static energy exported out of the column per unit learning in monsoon research. In a recent paper, Ham et al.
moisture imported into the column. According to the Neelin (2019) have shen thatdeep learning techniques can be used
and Held (1987) hypothesis, the mass that can converge ito forecast ENSO two years ahead. The use of deep learning
the intertropical convergence zonéTCZ) is constrained by techniques will be effective if a large amount of data can be
the anount of energy available. During the summer borealused to train the system. Ham et al. (2019) used the data from
monsoon season the net radiation at the top of the the CoupledModelinter-comparisonProjectPhase $CMIP5)
atmosphere in Africa (north of 20° N) is small or negative ando train the convolutional neural network (CNN). They argue
hence the ITCZ in Africa does not extend as far north as it dogeat CNNs would be appropriate to reveal the links between
over India. Srinivasan(Q@1) has shown that a diagnostic three-dimensional predictor fields and the predictand index.
model based on this hypothesis can simulate the seasona\ similar approach must be taken up for frediction of
variation of rainfall quite well. This paradigm has been usednonsoon rainfall. Li and Wang (2016) have advocated the use
by Jalihal et al. (2019) to develop a diagnostic model thabf physics based empirical models. They have shown that the
accounts for the centennial scale variatioh the Indian  temporal correlation skills of such models are more than
summer monsoon simulated by a coupled ocainosphere  twice that of dynamical models. The coupled ocean
model during the past 22,000 years. This model demonstratesitmosphere genml circulation models tend to have a wet
why the response of the monsoon to changes in incident solabias over the ocean and dry bias over land. The reduction of
radiation is different over land and ocean (Jalihal et al., 2020)these biases will improve the skill of their prediction of
The monsoon rainfall over land is linearly proportional to therainfall. Recent work by Jalihal et al. (2020) has shown that
net radiation incident at the top of the atmosphere while the the variability of the rainfatbver ocean is influenced by the
rainfall over ocean is strongly dependent on the transfer ofvariability in the surface latent heat flux. A reduction of the
latent heat from the surface ocean to the atmosphere. Thisbias over the ocean will have an impact on the accuracy of the
alternative paradigm can be expected to help to improve the prediction of rainfall over land. Hence there is a need for
forecast of the monsoon on a seasonal scale. improvement in accuracy of predictiaf latent heat fluxes

OPy coupled oceaatmosphere models. Palmer and Stevens
(2019) have highlighted the need for bold new approaches to
tackle the prediction of climate change on regional scales.

One can expect a steady improvement in the short term an
medium term forecast of rainfall in the next decade on
account of the use of oceatmosphere coupled eneral
circulation models with spatial resolution around 1 km (WediReferences

et al., 2020). At this resolution the use of convection Gadgil, $2018: The monsoon system: Lesehbreeze or the
parametrization can be avoided. The assimilation of more ITCZ?] Earth SystSci, 127, 129,
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1. Introduction

Monsoons dictate life in the Indian region including its
economy. While the economy in recent years has been
YWYy azz2y LINRB2FSRQ G2 + fINBS
still impact the economy significantly. While famines are a
thing of the past, droughts cainly can put pressure on the
economy. Itis not just the occurrence of a drought but lack of
prior information regarding its occurrence that has led to
economic problems for India. A good prediction of the
monsoon is essential for the government to takeropriate
measures well in advance so that the effects of a drought can
be mitigated to a large extent. Also, the occurrence of a good
rainfall, if predicted at a significant lead, can have immense
benefits for all sections of the public. A good seasonal
forecast can gear up the government machinery to take
appropriate action. Reservoirs can be operated optimally, and
water released for irrigation if accurate forecasts are available
on intraseasonal (380 day) scale. A good intraseasonal
forecast can ats be useful to farmers for the agricultural
operations. Accurate sherange forecasts can be of
immense benefit to many users including disaster
management authorities and the general public.

Major droughts of the early 21century (2002 and 2004)
were a wakeup call for serious action. After much thought
and discussions, it was decided that a missiade project
with definite deliverables was immediately required to
improve monsoon forecasts at all time scales.

2. The Monsoon Mission Initiative

Monsom Mission (MM) is a targeted activity taken up by the

Ministry of Earth Sciences (MoES), Government of India, to

improve monsoon weather and climate forecasts over India

and increase its use in the decisimaking process of
weather and climate sensitiveedors such as agriculture,
water, health, energy etc. Four research and operational
centers of MOES (Indian Institute of Tropical Meteorology

(IITM), National Centre for MediuRange Weather Forecast

(NCMRWEF), Indian National Centre for Ocean Information

and Services (INCOIS) and India Meteorological Department

(IMD)) have actively participated in this initiative. The MM

was launched in 2012 with the following objectives:

9 To build a working partnership between the Academic and
Research & Development Orgaations (both national
and internationgland the MoES to improve the monsoon
forecast skill over the country;

I To setup the stat®f-the-art dynamical modelling
framework for improving prediction skill of (a) Seasonal
and Extended rangeredictions and (b) Short and
Medium range (up to two weeks) prediction.
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Prior to the launch of the MM, monsoon seasonal forecasts
were based mainly on statistical models and shamge
forecasts were based on coarse resolution atmospheric

models. Therewas no system for the extended range -

. L . ? ® India (20)
forecasts¢ a huge gap. The modelling activities, including
those in the research domain, were based on a variety o = Japan (1)
standalone models. Also, there was no HRgrformance Australia (1)
Computer (HPC) that could be used on a déelithasis for m USA (12)
model development and operational purposes to satisfy the = UK (3)
requirements of forecasts at all time scales. A comprehensiv u France (1)
review of theMM is available in Rao et al. (2019).

Canada (1)

The MM is being executed in a phagiee manner, each = UAE (1)

phase with aroverarching and measurable scientific goal in
advancing monsoon knowledge and practice; the first phase
(MM-1) was implemented during 202017 and the second
phase (MMII, 20172021) is currently in progress. In addition
to the involvement of the above o organizations from
MoES, participation opportunities have been extended toentities from abroad. The overarching idea hasrbto glob-
several other research and operational institutions worldwide gjly tap the best of talent to improve monsoon predictions.
by inviting proposals to work on the overall improvement of
the skill of the models of interest to MoES (viz., Géma ) ) s ‘
Forecast System (CFS)/Global Forecasting System (GEE§ering Committe¢SSGYhe apex decisiomaking bodyb)
models of the National Centres for Environmental PredictionMM Directorate and(c) Scientific Review and Monitoring
(NCEP), USA and UK Met Office models). MoES funded S§mmittee (SRMC).

research proposals in MiMand 20 research proposals in The reackout to global talent was through an open call for
MM-Il. The major focus of MM was on setting up a proposals which was wedliblicized both in print and on the
dynamical modelling framework with reasonable skill for|nternet. Suitable proposals relevant to the objectives of the
weather and climate forecasts. The focus of MNk on MM, following peeireview and recommendations by the
applications of these forecasts to different user sectors (e.9.SRMC, were approved by the $&Cunding. The country
agriculture, hydrology, wind/solar power, etc.) in additto  wise distribution of the projects funded in in MMhown in
improving prediction of weather/climate extremes. Fig. 1. The same procedure was used for-MM

3. Implementation of Monsoon Mission
The MM is quite unique because for the first time, Govern-
ment of India supported extramural funding for research

Fig.1 Distribution of countrywise approved Monsoon Missid
projects

The administrative structure of MM consisi&da) Scientific
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HFebIC mMaylIC
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0.00
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Models (see details in caption)
Fig. 2:Skills in forecastingndian Summer Monsoon RainfgaBMR) with February and May initial conditi(@@relation between observ:
ISMR and réorecasted ISMR) by different moddlke models corresponding to the numbers on the category axis akM@FS(2)CFSw
T126 (3)CanCM3(4)CanCM4(5)CCSM3(6)CCSM4A(7)GFDCM2p1 (8)GFDICM2pla (9)GFDCM2p5_Flora(10)GFDYCM2p5_Florf
(11)ECHAM4nNnomlay Coupled12)ECHAMMDIRECTLY CouplétB)NASAGMAQ (14)NASAGMAOO06 (15)ECMWFSYs4 (16)SINTEX2
Hindcast periodor models 114is 19832010 while for models 15 and 16is 19822009 and 1982015 respectively
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Fig. 3: Schematic representation of Coufii@dnd Ensemble Prediction System (CGEPS) (After Rao et al., 2019).

4. Major Highlights of Monsoon Mission First Phase Extended Range Prediction (ERP)
9 Bestin-class seasonal prediction modgthe Monsoon Prior to 2012, there were no dynamical tools avadlablthe
Mission Climate Forecast System (MMCFS) (for monsooeountry for ERP (beyond 10 days). This was a new effort and

prediction); uses information from both coupled model (CFS) and
1 A major gap in ezndedrange prediction (ERP) was standalone AGCM (GFS) at a variety of resolutions (Fig. 3).
plugged with the development of ERPAS models; The GFS is forced with bizmrected sea surface

T Highest resolution shorange ensemble prediction omheratures generated from coupled forecasts. To ensure
model for short range forecasts; _ that the entire input space is sampled, ensembles of GFS/CFS
T A weakly coupled data assimilation system using Localre ysed and anulti-model ensemble used to predict the
Ensemble Transform Kalmitier (LETKF); conditions at extended range. The skill is comparable to those
1 A dedicated HPC system for model development at ITMy giner centres e.g., European Centre for Medi@enge
(790 Tera Flops) and for operational purposes atweather Forecasts (ECMWF) (Fig. 4). This effort is not limited
NCMRWF (350 Tera Flops); to monsoon forecasts and has beeextended to
' Capability buitup in house to conduct research on gperationalize the forecasts of heat/cold waves. ERP products
various aspects of models e.g., suparameterization,  are now extensively used for many applications like heat

cloud microphysics parameterization, Land Surfacegensitive health advisories.

modelling, etc.;

1 NCMRWF Unified Model (NCUM) with versions develope®OrtRange Forecasts
for seasonal, extendedinge, mediurrange and short A highresolution forecast system based on GFS-&57¢

range forecasts, including a fegal version developed (~12km) was deeloped as part of the MM. However, an
for highresolution forecasts of air quality etc. over the ensemble version could not be developed in the initial stages

North Indian region (more details in Rao et al., 2020). due to lack of adequate computational facilities. Upon

Seasonal Prediction of Indian Summer Monsoon

The model developed under the MM has the highest ;|
resolution (at ~37.5k), with the best skill for forecasting the
Indian Summer Monsoon (Fig. 2). This has been
operationalized by the IMD since the monsoon of 2017. To
sample the entire input space and to reduce errors due to
uncertainties in initial conditions, an ensemblediction
system is used with 21 members. The ensemble is created b go2 |
using lagged initial conditions. The forecasts are made
available on IMD website o
(http://Iwww.imdpune.gov.in/Clim_d LRF New/Models.h P1 P2 Pentaijead
tml). In addition to r{;unfall, tempgrature forecasts etc. C“mat_% Fig. 4: Comparison of correlation skills of ITM CGEPS and E
outlooks for the Indian Ocean Dipole Mode Index and El Nifig,nsemble forecast (CY41R2 version) forctive Monsoon Zone
are also updated monthly. India (adapted from Rao et al., 2019).

mIITM mECMWF

06

04

relation Coefficient

P4 PS5
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2020 Tropical Cyclone Tracks (GEFS)
Storm: NIO220 (Nisarga)
FProbability (%) of storm passing within 65nm

1 ACOO0
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Forecasts: 2020060300 IC

Beginning 2020060300, every 12 hours

90E

Fig. 5: GEFS Strike Probability and tracks of Tropical Qyidarg
by individual ensemble members of evolving Arabian Sea ¢
based on ICZJUNE 2020 00UTC (Deshpande et al., 2020).

upgradation to 4.8 PFlopsPratyush system at IITM;
http://pratyush.tropmet.res.in) towards the conclusion of

5. Monsoon Mission Second Phase

The success of Milenthusedthe Government of India to
embark on the second phase of this ambitious programme.
Based on the gaps identified, it was decided that in addition
to further development of models at various scales,
importance needdto be given to application of downstream
models that could use forecasts effectively. Emphasis in this
phase has been on agriculture, hydrology and -non
conventional energy sectors. Additionally, focus has also
been laid on improving model dynamics and etios for
CFS.

In the field of agriculture, interaction is now going on with
organizations such as the Indian Council for Agricultural
Research (ICAR) and the International Crops Research
Institute for the SemArid Tropics (ICRISAT) on possible uses
of dimate data and forecasts for various crops (peanuts,
soybean and pigeon pea etc.). In ramventional energy
sector, collaboration has been initiated with institutes like
Imperial College, UK for applications in wind power, solar
energy etc. Experimentgroducts are now generated for
private industries in the energy sector. Collaboration also has
been initiated in the area of model numerics and dynamics
with the Indian Institute of Technology (IIT) Kanpur and
University of Tokyo, Japan. A dynamical dossed on
icosahedral technique is to be developed under this

MM-I, the Global Ensemble Forecast System (GEFS) was

implemented in a record time of six months and
operationalized by IMD for the monsoon season of 2018. Th
model has been a useful for predictiextreme events such

collaboration. Irhouse developmental activities have also
been initiated on new dynamical cores based on cubic

e

octahedral spectral techniques. These will be implemented in
FSICFS.

as tropical cyclones (e.g., Fig. 5), heat waves and high rainfa

events etc. The forecast products are now extensively used i

Another major area that needed further research is on

identifying hotspots of forest fires, forecasting of solar energyteleconnections affecting the Indian monsoon. Most models

and wind power etc.

Other Scientific Adhtements
The interaction with academia and other research institutions
within the country and abroad has yielded rich dividends.
Most importantly, the scientists in various MOES organiza
tions have undertaken independent research in various fields
A fewexamples are given below:

1 A weakly coupled data assimilation system based o

have a strongethan-observed linkage t&NSOwhile the
linkage with Indian Ocean is weak or +xistent. CFS also
has similar issues and MIVhas a special focus for research
to address this. In addition, new areas have also been
identified for developing models. These include
thunderstorm forecasting, air quality forecasting using-igh

fesolution regional models with GFS model output as linitia
and boundary conditions.

n

LETKF developed in collaboration with University of Mar-Thunderstorm forecastingfhunderstorms and associated

yland, USA,;

Improvements in cloudonvection parameterization in-
cluding stochastic parameterization, suparameteriza-
tion and their implementation in CFS;

Improvements in land surface processes;

Coupling of hydrology/river routing model to CFS to rep-
resent realistic freshwater flux to the Ocean.

=a =

Identification of Gaps

The first phase was quite successfuléweloping an opera-
tional forecast system across all time scales. It also helped i
identification of gap areas, particularly related to:

1 Model numerics and dynamics;

Application of forecasts for various societal applications;
Better representation of monsoon teleconnections;
Simulating and predicting extreme events across scales.

f
f
f

lightning cause large numbers of casualties in India. Hence in
house development of thunderstorm forecasting systems has
been initiated at IITM under MM. These are based on
Weather Research and Forecasting (WRF) and GEFS models.
These have now been operationalized and the products are
available at:
(https://srf.tropmet.res.in/srf/ts_prediction sysm/index.p

hp).

Air Quality Forecastind\ir quality has been a major cause of
goncern especially during winter months in the National
Capital Region. A highsolution system which includes
chemical data assimilation has been developed by IITM in
collaboation with the National Center for Atmospheric
Research (NCAR), USA. The forecast is done at a resolution of
400m, among the highest for such air quality forecasts.
Chemical data assimilation includes data from satellite and
ground stationsH(ttps://ews.tropmet.res.in/analysis.php
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Forecasts for Hydrological Secths:a downstream product, errors and biases (iii) innovative dastmeam application
Qualitative Precipitation Forecasts are being generated foproducts using these techniques.

major river basins of the country using forecastsnf GEFS.
These help in quantifying rainfall at smaller scalesatait
be useful for river basins.

New satellites are being launched by different countries that
are dedicated for studying climate and weather. The data
from these satellites need to be used to improve initial
High Temporal/spatial resolution Rainfall Datasésdel conditions for models andso for improving empirical parts
development and validation needs good observational dataof the model. Data Assimilation is a key topic for development
at high spatial and temporal resolutioRor this purpose, a for the future. Experience has shown that oceamospheric
project is underway to create rainfall datasets (2 km at 10 coupling for conducting data assimilation is a promising way
min resolution) by blending gauge, radar, satellite and NWHorward for improving initial conditics. It is proposed to carry
data to create a comprehensive higgsolution dataset. forward research on this important topic.

6. Way Forward Last but not the least, India needs more good quality

We have seen that forecasting of weathedalimate on a  scientists and engineers to tackle these problems.
wide range of time and space scales has come of age in IndRorecasting weather and climate is an interdisciplinary field
during the last decade, thanks largely due to the concertedwhich needs metealogists, oceanographers, computational
STF2NI A dzy RSN GKS aad® ¢ 2 Rlsdentisiskadd erQifiedry. WKl @ &ingld indNd8uall maayi oty 3
capabilities are at par with the most advanced in the world.have all these diverse skills, it is necessary to have a more all
However, it is necessary that we do not rest on our laurels butencompassing approach for training our future generations.

continue developing improved models and products that In short, it can be said thitdia has taken impressive strides

could be useful not only for various sectors in India but also . . . ;
. . . and quantum jump in the field of forecasting weather and
the other countries of the world, especially in the

. . L climate especially in the last decade. However much more
neighborhood of IndiaTo a&sess the economic impact of P y

o : needs to be done to improve the forecasts on all time scales
forecasts, MoEBad commissioned a study e National and reduce uncertainties. The momentum gaiirethe first
Council of Applied Economic Reseafdi€AER which has i g

- o two phases of MM needs to be maintained for India to have
highlighted the dramatic impact of forecasts on two sectors highquality forecasts keening up with the best in the world
viz, agriculture and fisherie§NCAER, 2020 The najor gra y ping up

finding of this study is thalhe economic impact on these two ?hnedumsg:g i?l?]%rifggyvcglr;iettotr;i 'ngﬁ?ﬁgn?erﬁgzg;a;zm?oﬂcal
sectors is about 50 times the investment made by the PP g 9

government on HPC artie MM. About 10billion Indian communities.
Rupees (about US$135 milliongre invested in MM and References
HPC,and the economic gain over a fiyear period is Deshpande M. et al., 2020: Implementation of Global Ensemble

estimated to beabout 5@ billion Indian Rupee$about Forecast System (GEFS) at 12km Resolution. IITM Techical
US$.8 billion) Report TR6/2020
https://www.tropmet.res.in/~lip/Publication/Technical

It is necessary that a more synergistic approach be Reports/TR6.pdf

undertaken for use of swbomponents in models across [ITM, 2020: Roadmap for ITM model development: Towards
scales for optimal utilization of resources. IITM has for this seamless prediction of monsoon weather and climate.
purpose come out with a road map for model development ~ Technical Report No.AU8, ISSN 0252075, _

(IITM, 2020) with emphasis on seamless prediction systems. gt;pso:zm”%‘f)met'res"nH'p/PUb“Cat'on/TeChn'ea'
This_includes i.nteroperability of models across scales anﬂlmm%éﬂng the economic benefitslafestment in
Sha_rln_g O_f routinesuch as cloud Cohvecuon schemes etc. Monsoon Mission andigh Performance Computing facilities
Optimization of resources also requires model codes to be  National Council of Applied Economic Resetetv Delhi,
highly scalable and to efficiently use the latest technologies in  |ndia Report No. 20200701, 76pp,

HPC. It is proposed that emergent technologies such as https://moes.gov.in/writereaddata/files/Economic_Benefits N
graphical processing units (GPUs) beplated for CAER_Report.pd

economizing on computational and energy resources.Rao, S.A. etal., 2019: Monsoon Mission: A Targeted Activity to

Research on these issues is at a nascent stage in India and IMProve Monsoon Prediction across Scdlesl. Amer. Meteor.
needs to be nurtured Soc, 100, 25092532, https://doi.org/10.1175/BAMP-17-

0330.1
The prediction models generate huge amounts of data and iRag S.A. et al., 2020: Major Achievements of Monsoon Mission.
is humanly almost impossible to analyze these gusin  CLIVAR Exchanges (this issue)10-15.
conventional techniques. Additionally, new techniques such
as Atrtificial Intelligence (Al) and Machine Learning (ML) are
maturing rapidly and could be put to innovative use not just
for data analytics but also innovating with models and
products. Latestesearch is concentrated on (i) embedding
AlI/ML inside models to replace conventional empirical
computations such as cloud convection parameterization (ii)
enriching and improving model forecasts offline by reducing
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(ii)

1. Introduction

TheMonsoon Mission (MM) is a targeted activity taken up by
the Ministry of Earth Sciences (MoES), Government of India
is coordinated by thindian Institute of Tropical Meteorology
(IITM) by making cafor proposals, by actively participating
in developig models forshort-, medium, extended, and
longrange forecasts based o@limate Forecast System
(CF¥Global Forecasting Syste@H$modelsof the National
Centres for Environmental Prediction (NCEP),, E@8d by
setting up the required higherformane computers both at

Standardized deviations (normalized)

tos. cPeytamcabindioibe. ol oy

achieved Wlth':ln mvestment ofl2 million US$ in MM
and 5 million US$ in MMI, excluding the cost of high
performance computers.

Development of dynamical models

(a) Seasonal Prediction modBlest seasonal prediction
model (MMCFS) for Indian Summer Monsoon Rainfall
(ISMR) was developed with a skill which was never
achieved earlier by dynamical model¥he model
captured almost all droughts (Ramu et al., 2016) that
occurred during the hindcaperiod (19822009).

© CFSv2-T382

= MultiModel
NCEP-CFSv2
NCEP-CFSv1
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NASA-062012
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Fig. 1: Taylor diagram showing the skill and SD of ISMR (rain

IITM andthe National Centre for Medium Range Weather eraged over land points for the models (Source: Pillai et al., 2

ForecastingNCMRWJ: NCMRWHhas carried out work on
the implementation of the UKet Office (UKMOpased
seamles®nified Model M) for making forecasts at all time
scales andhas also been involved in preparing initial
atmospheric conditions based on GFS modelling framework
and UKMO frameworR.helndian National Centre for Ocean
Information and ServiceNCOIpis actively engaged in
making ocean initial conditions based on thHeb@l Ocean
Data Assimilation System (GODAS) for extenaled long
range forecasts. NCMRWF implemented a NEN©leus for
European Modelling of the Océdmased global ocean Data
assimilation system. IMD implemented all the developmental
activities of ITM for their operational services by taking
atmospheric initial conditions IC3 from NCMRWF and
ocearic ICs from INCOIS and by taking guidance of NCMRW
model forecasts based on UM modelling systétivl was
executed in 2 phases (MM 20122017 and MMl 2017-
2021) and this article briéf outlines the significant
achievements of both the phasesDetails of the
achievements oMM-I were already reportethy Rao et al.
(2019).

2.Major Achievements

(i) Human Capital A strong working partnership is
established between MOES institutes and several
research institutes worldwide (30 in MMand 21 in MM
II) to work on Indian monsoon related problems and to
develop models adopted by MOES institutes. MM
program resulted ipublication of around 300 research

Correlation Cuefflclems

is

(b) Extended Range Prediction (ERP) médé&oupled
Grand Ensemble Prediction System (CGEPS; for details,
see Nanjundiah and Rao, 2020) model for predicting
activebreak cycles in extended range time scales was
developed for the ifst time in India with skills
comparable to ENS ECMWF (Chattopadhyay et al., 2018).
Pattanaik et al. (2020) have shown that the operational

H IIT™
B ECMWF

0.6
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P1
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Pentad Lead
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Fig.2: Comparison of correlation skills of ITM CGEPS and

ensemble forecagiCY41R2 version) for the four homogeneou
gions of India (MZI: Monsoon Zone of India, NEI: North East ¢
NWI: Northwest of India, SPI: Southern Peninsular India). Ski

based on 11 members from each of ECMF ENS and IITI

papers, about 22 students awarded Ph.Ds (7 submitted)Source: Chatpadhyay et al., 2018).
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@)

(b)

extendedrange forecast has good fidelity in predicting
the activebreakactive transitions of the monsoon
during 017 and 2018 and the forecast of-laltlia and
central India rainfall during the actieeakactive
transition phases of the monsoon are very well captured
with a lead time of B weeks.

(c) Short and Mediumrange weather forecast#\ very
high resolutio (~12.5 km deterministic
(Mukhopadhyay et al., 2019) and probabilistic
forecasting system with 21 members for shoand
mediumrange (up to 1@ays) forecast has been set up
at IITM/IMD to make operational weather forecasts.
During the MM period, a gaiof 2 days lead time is
achieved (Fig.3); the threshold skill of 0.225 Peirce skill
score is obtained with higtesolution deterministic
models (T1534) at-8ay lead which coincides withday
lead skill score with lowesolution model (T574).

(d) Seamless modelling frameworkNCMRWF
implemented UM based seamless modelling framework

Fig.3: Forecast skill (Peirce skill score) for different rainfall th
old values for day 1, day 3, and day 5 forecast of GFS syst
MM for different resolutions (T1534 and T574) (Source: Re

having components as (a) UM atmosphere (b) NEMO 2019)

ocean (c) CICE s&® model and (d) JULES lsoddface

model. A NEMO based global ocean data assimilatidiii)

was also implemented to initialize the ocean component
of the coupled model. The coupled modelling system
started producing regime extended range forecasts
(multi-week) up to four weeks from the monsoon 2018
season on an experimental basis. The atmosphere and
land components of the models were initializeith the
respective assimilation systems. The model could
capture the dry/wet spells of monsoon realistically. &
shows examples of wet and dry spells during monsoon
2019 captured well by the coupled model.

New insights into monsoon weather and climate predic-
tions

(a) Bias corrected metid for ensemble creatiomhe
coupled model sea surface temperatures (SSTs) suffer
from strong SST biases and Abhilash et al. (2015) have
developed a novel approach of including SST- bias
corrected ensembles from a standalone atmospheric
model Global Foresting System of NCEP (GFS) in
CGEPS. Standalone model is forced with daily bias
corrected forecast SSTs from CFSv2. This approach
resulted in better prediction skills of extended range

Fig 4: Multi-week forecast validatioof rainfall anomaliefor ERPf (a)an active(wet) monsoon period2-8 August 2019) at
(b) a break(dry) monsoon perioq12-18 July 2019).
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